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Civil and military ballistic protection systems often consist of thin, high-strength steel plates. Such plates may either be
monolithic or layered with or without spacing. The idea of using layered plates instead of a monolithic one in order to
increase the ballistic perforation resistance is not new, and the eﬀect of using targets made up of several thinner plates
has been investigated in the literature for a long time. However, results by various authors are contradicting and detailed
experimental and numerical work is still required.
In the present study, the ballistic perforation resistance of double-layered steel plates impacted by blunt and ogival pro-
jectiles was investigated both experimentally and numerically. In the tests, 12 mm thick (monolithic or layered) targets of
Weldox 700 E were impacted using a gas-gun at sub-ordnance velocity, and the ballistic limit velocity of the diﬀerent target
combinations was obtained. In general, good agreement was obtained between the numerical simulations and the exper-
imental results. It was found that in the case of blunt projectiles a large gain in the ballistic limit is oﬀered by double-lay-
ered systems. These advantages seem to disappear when ogival projectiles are used. However, the main conclusion from
both the experimental and numerical studies is that the overall protection level, i.e. the minimum ballistic limit velocity
obtained independently of projectile nose shape, seems to increase signiﬁcantly by double-layering the target.
 2007 Elsevier Ltd. All rights reserved.
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Civil and military ballistic protection systems often consist of thin, high-strength steel plates. Such plates
may either be monolithic or layered with or without spacing. The idea of using layered plates instead of a
monolithic one in order to increase the ballistic perforation resistance is not new, and the eﬀect of using targets
made up of several thinner plates has been investigated in the literature for a long time. Corran et al. (1983)0020-7683/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijsolstr.2007.03.005
* Corresponding author. Tel.: +47 73 59 46 47; fax: +47 73 59 47 01.
E-mail address: tore.borvik@ntnu.no (T. Børvik).
Nomenclature
a,p parameters in the Recht–Ipson model
dplfr,dplre plug diameter on the front side and on the rear side, respectively
dtfr,dtre target’s cavity diameter on the front side and on the rear side, respectively
hpl plug length
hpls length of the plug’s shear zone
ht target thickness
htc cavity length
mp projectile mass
mpl plug mass
T time
vbl ballistic limit velocity
vi,vr initial and residual projectile velocity, respectively
wmax maximum target deformation
wpl plug thickness, i.e. wpl  hplhpls
A,B,C,n,m parameters in the Johnson–Cook constitutive relation
Cp speciﬁc heat capacity
D damage
Di,Df projectile diameter; initial and ﬁnal, respectively
D1, D2, D3, D4, D5 parameters in the Johnson–Cook fracture model
E, Et Young’s and tangent modulus, respectively
Li, Lf projectile length; initial and ﬁnal, respectively
T temperature
Tm, Tr, T* melting, room and homologous temperature, respectively
CRH calibre radius head (CRH) = radius of the curvature/projectile diameter
DD projectile nose deformation, i.e. DD = Df  Di
DL projectile length reduction, i.e. DL = Li  Lf
a thermal expansion coeﬃcient
v Taylor–Quinney empirical constant
eeq equivalent plastic strain
ef true failure strain
_e0 user-deﬁned reference strain rate
_eeq equivalent plastic strain rate
_eeq dimensionless strain rate
m Poisson’s ratio
q density
r3 true stress at 3% plastic strain
req equivalent stress or von Mises stress
r* stress triaxiality ratio: r* = rH/req
rH hydrostatic stress
6702 S. Dey et al. / International Journal of Solids and Structures 44 (2007) 6701–6723investigated the performance of multi-layered steel plates under impact and found that layered plates in con-
tact were superior to monolithic plates if the response changed from one being dominated by plate bending
and shearing to one dominated by membrane stretching. Radin and Goldsmith (1988) compared the impact
resistance of monolithic and multi-layered aluminium targets. In the tests both blunt and conical nosed pro-
jectiles were used. It was found that the ballistic resistance of adjusted targets of equal thickness was inferior to
that of an equivalent single layer. It was also noted that spaced layers were less eﬀective at impact loading than
layers in contact. Almohandes et al. (1996) investigated experimentally the ballistic resistance of layered steel
plates struck by 7.62 mm standard bullets. First, single steel plates (1–8 mm thick) were tested and the eﬀects
S. Dey et al. / International Journal of Solids and Structures 44 (2007) 6701–6723 6703of thickness and mechanical properties were studied. Second, layered targets both with and without spacing
were considered, and the eﬀects of number, thickness and arrangement of layered plates were explored. They
found that single steel plates are more eﬀective than layered targets of equal total thickness, and that the resis-
tance of layered targets increases as the number of plates decreases and the thickness of the back plate
increases. Ben-Dor et al. (1998a) presented analytical models for the ballistic resistance of multi-layered ductile
targets. They found that the system is independent of the air gap width between the layers and on the sequence
of the plates in the target when impacted by conical projectiles. The obtained results were in good agreement
with experimental data from Almohandes et al. (1996). In a corresponding study by Ben-Dor et al. (1998b),
now using cylindrical cavity expansion theory, they concluded that the ballistic limit velocity of the target
increases with the increase of the widths of the air gaps and increase of the number of plates in the target while
the total thickness is kept constant. The eﬀect of air gaps on the ballistic perforation resistance of targets was
further discussed in a resent paper by Ben-Dor et al. (2006), where it was concluded that the eﬀect is insignif-
icant as long as the projectile is non-conical. Woodward and Cimpoeru (1998) carried out tests on layered
2024-T351 aluminium plates impacted by 6.35 mm diameter, 3.83 g mass, blunt and conical projectiles. They
showed experimentally that the target system having two plates of equal thickness provided the highest bal-
listic limit for both nose shapes. In contrast, based on a numerical study Zukas and Scheﬄer (2001) concluded
that layering dramatically weakens thin and intermediately thick target plates. Recently, Liang et al. (2005)
developed an analytical model based on the conservation laws, compared it to the experimental results from
Almohandes et al. (1996), and found good agreement with the experimental data. Also Elek et al. (2005) devel-
oped an analytical model and used it to investigate the impact of multi-layered targets with spacing. According
to their model they found that monolithic targets have more perforation resistance than any other multi-lay-
ered and spaced targets of equivalent total mass. In addition they claimed that an increase in the number of
spaced layers would cause a further decrease in target resistance. Both the latter analytical models were devel-
oped for blunt projectiles. Gupta et al. (2007) presented an experimental and numerical investigation of the
behaviour of thin layered aluminium plates of diﬀerent thicknesses under the impact of ﬂat, ogival and hemi-
spherical steel projectiles. They found that for double-layered targets, the residual velocities of the projectiles
were comparable to that of the single plates of equivalent thicknesses. When the number of layers was
increased, however, the single plate oﬀered more resistance against perforation. Even though other similar
studies can be found in the open literature, it may be concluded that the data on impact of layered targets
is limited and contradictory, and it is diﬃcult to make comparisons between experimental results. At present
the eﬀect of replacing monolithic plates with multi-layered ones is therefore not clear and detailed experimen-
tal and numerical work is still needed.
Earlier studies on steel plates by e.g. Børvik et al. (2003) have indicated that an increase in target thickness
yields a monotonic increase in ballistic limit velocity. However, at a certain target thickness, a ‘‘kink’’ in the
ballistic response curve may appear. This was found for Weldox 460 E steel plates struck by blunt projectiles
(Børvik et al., 2003) and was related to a change in deformation mode with target thickness, from thin plate
global bending and membrane stretching towards thick plate shear localisation. The reason is that the global
deformation mode in thin plates may absorb considerable amounts of the projectile’s kinetic energy during
impact, simultaneously as the localised shear band becomes more distributed when the plate deﬂects globally.
Thus, layered targets with or without air gaps may seem to be a better energy absorber during ballistic per-
foration than a monolithic target of equal thickness. In a recent study by some of the authors, the protection
performance of double-layered metal shields against projectile impact was studied in a pure numerical
approach using ABAQUS/Explicit (Teng et al., 2007). Four types of projectiles at diﬀerent weight and nose
shape were considered, representing various fragments generated from improvised explosive devises (IEDs).
These numerical simulations revealed advantageous behaviour using double-layered targets struck by blunt
projectiles compared with monolithic plates of equal weight in ballistic protection.
In the present study, the ballistic perforation resistance of double-layered steel plates struck by blunt and
ogival projectiles were investigated both experimentally and numerically. In the tests, 12 mm thick (monolithic
or layered) targets of Weldox 700 E were impacted using a gas-gun at sub-ordnance velocity and the ballistic
limit of the various target combinations was obtained. In general, good agreement was obtained between the
numerical simulations and the experimental results. It was found that in the case of blunt projectiles a large
gain in the ballistic limit is oﬀered by double-layered systems. These advantages seem to disappear when ogival
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tal and numerical studies is that the overall protection level, i.e. the minimum ballistic limit independent of
projectile nose shape, seems to increase signiﬁcantly by layering the target.
2. Experimental work
2.1. Targets
The target plates were made of Weldox 700 E steel, which is a tempered martensitic steel with high strength
as well as relatively high ductility. An extensive characterization of the stress–strain behaviour of the steel
alloy can be found in Dey et al. (2004), where the eﬀects of temperature, strain rate and stress triaxiality were
studied based on tensile tests. Fig. 1(left) shows a typical true stress–strain curve for the steel alloy to failure.
The result is obtained from a standard quasi-static tensile test on a smooth axisymmetric specimen at room
temperature. Fig. 1(right) shows the true stress at 3% plastic strain for strain rates varying from quasi-static
condition up to 103 s1, and only a slight increase in strength for increasing strain rate is seen. The data for
high strain rates are obtained from tensile tests performed on smooth axisymmetric specimens at room tem-
perature using a split-Hopkinson tensile bar. Details from the various material test programmes can be found
in Dey et al. (2004).
The ballistic perforation resistance of 12 mm thick monolithic plates of Weldox 700 E has previously been
obtained using both blunt and ogival projectiles (Dey et al., 2004). In the following, these results will be com-
pared with two new target conﬁgurations of equal total steel thickness, material and weight using double-lay-
ered plates. The new conﬁgurations consist of two 6 mm thick plates in contact (i.e. 2 · 6 mm) and two 6 mm
thick plates spaced with 24 mm air (i.e. 2 · 6 + 24 mm). In addition, the ballistic perforation resistance of sin-
gle 6 mm thick plates of Weldox 700 E is determined for completeness and comparison.
2.2. Projectiles
The projectiles were made of hardened tool steel. All projectiles had constant nominal mass, diameter and
hardness of 197 g, 20 mm and HRC 52 (r0  1900 MPa), respectively. Two diﬀerent projectile nose shapes,
namely blunt and ogival, were used. The geometry of the projectiles can be found in Fig. 2, while material
tests on hardened steel projectiles can be found in Børvik et al. (2001a).0.0 0.4 0.8 1.2 1.6
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Fig. 1. Typical true stress–strain curve from a tensile test on a smooth specimen at quasi-static strain rate and room temperature (left) and
true stress at 3% plastic strain versus strain rate for Weldox 700 E (right) (Dey et al., 2004).
Fig. 2. Geometry and dimensions (in mm) for blunt (left) and ogival with CRH = 3 (right) projectiles.
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The ballistic tests were carried out in the compressed gas-gun at SIMLab described by Børvik et al. (2003).
The steel projectiles were mounted in a nine-pieced serrated sabot and launched at impact velocities just below
and well above the ballistic limit velocity, i.e. the critical impact velocity, of the target conﬁguration. The free-
ﬂying sabot pieces were stopped by a sabot trap prior to impact. The targets were clamped in a circular frame
by 16 prestressed bolts, and had a free span diameter of 500 mm in all tests. The penetration event was cap-
tured by a Photron Ultima APX-RS digital high-speed video camera operating at a constant framing rate of
50.000 fps. Initial and ﬁnal velocities were measured using diﬀerent laser-based optical devices, as well as by
the high-speed camera system. Both initial and ﬁnal target deformations were measured in-situ before and
after each test. Details regarding the experimental set-up and instrumentation used during testing can be found
in Børvik et al. (2003).2.4. Test results
By keeping all parameters constant except for the impact velocity of the projectile, the ballistic limit velocity
of each target conﬁguration was determined. The ballistic limit was calculated as the average between the high-
est impact velocity not giving perforation and the lowest impact velocity giving complete perforation of the
target. In total, eight test series (with four diﬀerent target conﬁgurations and two projectile nose shapes)
involving more than 80 full-scale tests have been conducted. Some of the main experimental ﬁndings are listed
in Table 1 for blunt projectiles and in Table 2 for ogival projectiles, and the results will be compared and dis-
cussed in the following.
Knowing the ballistic limit velocity from the experimental tests, curves were ﬁtted through the data points
to an analytical model originally proposed by Recht and Ipson (1963)vr ¼ aðvpi  vpblÞ1=p; ð1Þwhere vi and vr are the initial and residual velocity of the projectile, respectively. The model is based on the
conservation laws, so in the original model a = mp/(mp + mpl), where mp and mpl are the masses of the pro-
jectile and plug, p = 2 and vbl is the ballistic limit velocity. As blunt and ogival projectiles induce diﬀerent fail-
ure modes (Dey et al., 2004), i.e. plugging caused by shear localisation for blunt projectiles and ductile hole
enlargement for ogival projectiles, a is less than 1 for blunt projectiles and equal to 1 for ogival projectiles.
Hence, for ogival projectiles a was kept constant and equal to 1 in this study since there was no plug, while
p was ﬁtted to the experimental results using the method of least squares. For blunt projectiles, on the other
hand, both a and p were ﬁtted to the experimental results using the method of least squares. The ballistic limit
velocity was always taken directly from the experimental data. The values of a, p and vbl obtained from the 8
diﬀerent experimental series are given in Table 3.
Fig. 3 compares test results for monolithic 6 mm and 12 mm thick targets. The diﬀerence in target capacity
with projectile nose shape and target thickness can be related to the change in deformation and failure modes.
For ogival projectiles failure always occurred by ductile hole enlargement. Here, the target material is pushed
aside by the moving projectile as it perforates. For blunt projectiles, perforation is caused by plugging. This
failure mode is dominated by shear localisation where narrow zones of intense shear are activated, while the
rest of the material stays almost undeformed. More energy is thus required to push the material in a thin plate
aside by plastic work than shearing through it, which means that the ballistic limit of the target will be higher
for an ogival projectile than for a blunt projectile. Fig. 3 and Table 3 show that for monolithic 6 mm thick
targets of Weldox 700 E, the ballistic limit velocity is 141 m/s for blunt projectiles and 198 m/s for ogival
Table 1
Experimental results for blunt projectiles
General Target, plate 1/plate 2 Plug, plug 1/plug 2 Projectile
Test # vi
(m/s)
vr
(m/s)
wmax
(mm)
dtfr
(mm)
dtre
(mm)
htc
(mm)
mpl
(g)
dplfr
(mm)
dplre
(mm)
hpl
(mm)
hpls
(m)
wpl
(mm)
DD
(mm)
DL
(mm)
(6)-blunt-01 245.8 204.1 1.2 20.5 20.3 7.6 14.7 20.8 20.4 6.3 4.8 1.6 0.2 0.2
(6)-blunt-02 196.9 155.0 1.5 20.4 20.1 7.8 14.6 20.5 20.1 6.2 5.1 1.2 0.1 0.1
(6)-blunt-03 181.8 138.3 1.8 20.3 20.0 7.6 14.2 20.2 19.6 6.2 5.4 0.9 0.1 0.1
(6)-blunt-04 158.3 116.4 2.4 20.2 19.9 7.3 14.3 20.5 19.5 6.2 5.6 0.6 0.1 0.0
(6)-blunt-06 151.5 54.6 6.8 20.5 20.3 7.0 14.0 20.8 20.0 6.3 5.2 1.1 0.1 0.2
(6)-blunt-05 140.8 4.6 9.1 20.4 20.4 7.3 13.9 20.2 19.7 6.2 5.1 1.1 0.0 0.0
(12)-blunt-10a 356.7 228.0 1.3 22.0 21.6 18.3 28.5 20.9 19.7 11.7 10.4 1.2 – –
(12)-blunt-02 305.9 195.0 1.0 21.3 20.9 17.9 28.7 20.8 20.1 11.8 10.5 1.3 1.2 3.3
(12)-blunt-05x 294.1 192.1 0.5 20.9 20.4 16.5 25.3 20.2 19.5 11.7 10.1 1.6 0.7 0.9
(12)-blunt-01 249.4 141.0 0.8 20.8 21.0 16.1 28.2 20.3 19.6 11.9 10.6 1.3 0.7 2.6
(12)-blunt-01x 235.3 143.3 0.5 20.6 20.3 16.0 26.8 20.4 19.5 11.6 10.7 0.9 0.4 0.5
(12)-blunt-03 200.4 92.0 1.2 20.5 20.0 15.9 28.4 20.2 19.4 11.9 10.6 1.3 0.3 2.1
(12)-blunt-02x 194.1 96.0 0.7 20.4 20.2 14.8 27.2 20.4 19.8 11.8 10.2 1.7 0.2 0.4
(12)-blunt-03x 186.3 87.5 0.6 20.5 20.5 15.1 28.2 20.5 20.1 11.7 10.3 1.4 0.2 0.4
(12)-blunt-04x 182.2 85.4 0.7 20.5 20.2 14.9 28.1 20.5 20.2 11.7 10.4 1.3 0.2 0.4
(12)-blunt-07x 178.4 75.8 0.9 20.4 20.3 14.9 27.6 20.4 20.0 11.7 10.5 1.2 0.2 0.2
(12)-blunt-04 176.8 47.0 1.0 20.4 20.2 15.9 28.5 20.4 20.1 11.9 11.0 0.9 0.1 0.3
(12)-blunt-06 176.3 22.0 1.1 20.3 20.3 15.1 28.8 21.6 21.4 12.0 10.9 1.0 0.1 0.4
(12)-blunt-05b 174.1 0.0 – – – – 28.7 20.2 19.4 12.0 11.0 1.0 – –
(12)-blunt-07 171.2 20.0 1.1 20.5 20.2 14.6 28.7 20.3 19.1 11.9 11.1 0.8 0.1 0.4
(12)-blunt-08x 170.8 79.0 1.0 20.6 20.7 15.8 28.8 20.7 19.7 11.9 10.1 1.8 0.1 0.2
(12)-blunt-09 165.1 0.0 1.8 20.3 18.2 3.3 0.0 – – – – – 0.1 0.4
(12)-blunt-08 161.0 0.0 2.0 20.5 15.7 2.5 0.0 – – – – – 0.1 2.0
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(12)-blunt-11x 160.6 – 1.0 20.5 20.7 15.4 28.6 20.7 19.9 11.8 10.9 0.9 0.2 0.2
(12)-blunt-10x 159.5 0.0 7.6 20.5 – – 0.0 – – – – – 0.1 0.1
(12)-blunt-09x 159.2 0.0 8.2 20.4 – – 0.0 – – – – – 0.1 0.1
(12)-blunt-06x 152.4 0.0 5.9 20.5 – – 0.0 – – – – – 0.1 0.4
(2 · 6)-blunt-08 355.2 214.5 3.4/11.3 21.4/22.1 21.4/21.7 11.0/8.4 13.4 + 12.0 21.6/21.1 20.9/19.7 6.6/8.3 3.7/5.2 2.9/3.1 0.7 1.4
(2 · 6)-blunt-04c,d 375.0 0.0 –/– 26.2/23.7 27.1/– 8.3/5.2 15.9 + – 22.6/ 22.4/– 7.6/– 3.5/– 4.2/– 0.7 –
(2 · 6)-blunt-06c – – –/– 24.9/22.9 –/23.4 10.7/6.8 10.5 + – 21.1/– 20.1/– 8.4/– 3.8/– 4.5/– 0.4 1.4
(2 · 6)-blunt-05 307.2 171.9 2.9/11.0 20.9/20.9 20.4/20.8 9.7/8.3 12.2 + 10.6 20.5/19.7 19.7/18.6 6.3/7.8 3.9/5.0 2.4/2.7 0.4 0.9
(2 · 6)-blunt-07e 278.5 137.6 3.2/11.0 20.6/20.6 20.1/20.5 9.4/7.8 12.0 + 10.5 20.2/19.7 19.5/18.2 6.2/7.6 3.7/5.1 2.5/2.5 0.2 0.8
(2 · 6)-blunt-01e 256.5 98.0 3.3/8.9 20.7/20.8 20.0/20.5 9.0/6.9 12.4 + 10.5 20.2/19.4 19.5/17.5 6.6/7.1 4.2/5.3 2.4/1.8 0.3 0.8
(2 · 6)-blunt-03 252.1 34.4 4.6/12.2 21.4/21.6 20.8/21.5 8.4/8.1 13.8 + 11.0 21.1/20.2 20.217.8 6.8/7.5 4.2/5.6 2.5/1.9 0.6 1.6
(2 · 6)-blunt-02b 242.5 0.0 –/– 21.3/– 21.1/– 8.3/– – – – – – – – –
(2 · 6 + 24)-blunt-07e 351.1 189.9 1.7/15.3 20.9/22.0 20.8/21.1 9.3/8.3 10.9 + 9.4 21.3/20.8 20.3/20.0 5.5/7.1 2.5/3.9 3.0/3.2 0.6 0.9
(2 · 6 + 24)-blunt-10 309.4 89.8 1.5/17.8 20.6/24.3 20.4/25.5 8.7/5.2 14.4 + 16.4 22.9/24.3 24.1/25.0 7.6/8.4 3.4/4.5 4.2/3.9 0.4 0.7
(2 · 6 + 24)-blunt-01f 297.0 155.6 1.3/8.4 21.1/24.1 20.7/24.5 8.8/7.5 14.6 + 17.5 22.8/23.4 22.8/22.1 5.4/8.2 3.6/6.0 1.8/2.3 – 12.5
(2 · 6 + 24)-blunt-05f 296.7 97.7 1.4/11.3 21.1/25.7 20.8/27.3 8.8/8.0 14.4 + 17.7 22.5/23.2 22.8/23.2 6.3/7.9 3.7/4.5 2.7/3.4 – 34.5
(2 · 6 + 24)-blunt-06 282.6 86.4 1.4/12.7 20.6/23.8 20.4/25.0 8.1/7.4 14.2 + 16.6 22.9/23.4 23.8/24.1 7.1/7.9 3.6/4.4 3.6/3.5 0.3 0.5
(2 · 6 + 24)-blunt-08 270.8 96.6 1.6/13.0 20.5/24.1 20.3/24.5 8.4/6.9 14.4 + 16.8 23.0/23.5 23.3/23.3 6.8/7.5 3.1/4.3 3.7/3.2 0.3 0.6
(2 · 6 + 24)-blunt-03f 269.3 128.4 1.1/8.6 20.8/23.8 20.6/24.2 7.7/7.2 14.6 + 17.4 22.3/23.1 22.5/22.3 6.1/7.5 3.7/4.8 2.4/2.7 0.0 10.1
(2 · 6 + 24)-blunt-04f 259.7 73.3 1.2/11.0 21.0/23.7 20.5/23.2 8.0/8.2 14.6 + 15.2 22.5 /23.0 22.6/21.4 6.2/7.2 4.2/4.6 2.0/2.6 0.1 9.7
(2 · 6 + 24)-blunt-02f 251.7 0.0 1.2/11.9 20.9/– 20.6/– 7.9/– 14.6 + – 22.0/– 22.7/– 6.7/– 4.3/– 2.4/– 0.1 0.2
(2 · 6 + 24)-blunt-09 249.1 101.7 1.5/10.8 20.5/22.9 20.3/22.8 7.8/6.7 14.5 + 15.9 22.3/22.4 22.5/21.5 6.0/7.2 4.2/4.7 1.8/2.5 0.2 0.5
(2 · 6 + 24)-blunt-11 244.0 69.6 1.5/12.0 20.6/22.8 20.3/22.7 8.0/7.0 14.7 + 15.7 22.2/22.4 22.5/22.2 6.1/7.1 4.4/4.5 1.8/2.6 0.3 0.4
(2 · 6 + 24)-blunt-12b 225.2 0.0 –/– –/– –/– –/– 14.6 + – 22.2/– 22.6/– 7.0/– 4.1/– 2.9/– – –
a Projectile lost in rag box.
b Projectile embedded in target.
c Some yaw.
d No penetration.
e A (part of a) ring is ejected.
f Projectile shatters.
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Table 2
Experimental results for ogival projectiles
General Target, plate 1/plate 2 Plug, plug 1/plug 2 Projectile
Test # vi (m/s) vr (m/s) wmax (mm) dtfr (mm) dtre (mm) htc (mm) mpl (g) dplfr (mm) dplre(mm) hpl (mm) hpls (m) wpl (mm) DD (mm) DL (mm)
(6)-ogival-08 370.1 318.4 9.5 19.8 19.0 14.5 – – – – – – 0.0 0.1
(6)-ogival-09 308.5 243.7 11.0 19.9 19.4 13.8 – – – – – – 0.0 0.1
(6)-ogival-01 251.5 159.3 11.4 19.8 19.8 13.0 – – – – – – 0.0 0.1
(6)-ogival-02a,b,c 216.1 0.0 – – – – – – – – – – 0.0 7.4
(6)-ogival-04 218.8 64.6 11.8 21.6 21.7 17.0 – – – – – – 0.0 0.2
(6)-ogival-05 205.9 51.0 12.2 19.9 20.1 12.2 – – – – – – 0.0 0.0
(6)-ogival-07 201.5 19.2 12.1 19.9 20.2 13.1 – – – – – – 0.0 0.0
(6)-ogival-06c 194.5 0.0 – – – – – – – – – – – –
(3)-ogival-03 179.2 0.0 11.1 18.1 13.2 11.5 – – – – – – 0.0 0.1
(12)-ogival-06 366.2 174.9 3.2 20.6 19.2 23.1 – – – – – – 0.0 0.3
(12)-ogival-08d 354.7 159.7 3.6 19.5 19.0 23.8 – – – – – – – –
(12)-ogival-07 333.5 99.4 4.0 20.0 18.4 22.5 – – – – – – 0.0 –
(12)-ogival-03 321.1 63.5 4.4 20.0 19.4 23.5 – – – – – – 0.0 0.1
(12)-ogival-05c 315.0 0.0 5.2 – – – – – – – – – – –
(12)-ogival-04c 309.9 0.0 5.2 – – – – – – – – – – –
(12)-ogival-02c 307.3 0.0 5.1 – – – – – – – – – – –
(12)-ogival-01c 299.7 0.0 3.8 – – – – – – – – – – –
(2 · 6)-ogival-01 347.2 211.1 6.7/11.3 20.2/19.8 19.6/19.6 11.7/13.3 – – – – – – 0.0 0.3
(2 · 6)-ogival-02 330.3 156.5 7.6/12.8 20.14/19.6 19.6/19.6 12.8/13.1 – – – – – – 0.0 0.1
(2 · 6)-ogival-03d 313.7 133.2 7.5/11.1 20.4/19.8 19.4/19.4 12.3/13.1 – – – – – – – –
(2 · 6)-ogival-05d 309.5 143.6 7.8/11.2 20.1/19.5 19.8/19.8 12.0/13.5 – – – – – – – –
(2 · 6)-ogival-06d 304.5 142.0 7.7/12.5 20.1/19.3 20.1/19.6 13.2/13.6 – – – – – – – –
(2 · 6)-ogival-07 299.3 90.5 8.8/12.5 20.2/19.7 19.9/20.1 10.5/12.3 – – – – – – 0.0 0.4
(2 · 6)-ogival-08 290.1 71.6 9.0/13.5 19.9/19.9 19.8/19.3 11.6/11.7 – – – – – – 0.0 0.6
(2 · 6)-ogival-04d 286.4 0.0 9.2/18.6 – – – – – – – – – – –
(2 · 6 + 24)-ogival-01 360.4 243.3 8.8/10.2 20.2/20.2 19.6/19.6 15.0/15.0 – – – – – – f f
(2 · 6 + 24)-ogival-02 323.0 160.9 9.5/12.0 20.1/20.2 19.3/19. 9 15.0/14.6 – – – – – – 0.0 1.6
(2 · 6 + 24)-ogival-03 318.4 155.3 10.5/9.9 20.2/20.0 19.5/19.8 14.2/14.2 – – – – – – 0.0 0.4
(2 · 6 + 24)-ogival-05 304.6 119.4 10.1/11.9 20.2/20.2 19.3/19.3 14.5/13.9 – – – – – – 0.0 0.1
(2 · 6 + 24)-ogival-06 294.4 82.3 8.6/12.6 20.1/20.1 19.7/19.8 14.4/13.3 – – – – – – 0.0 0.0
(2 · 6 + 24)-ogival-07 291.7 81.8 10.5/11.9 20.5/20.2 20.0/19.9 14.5/15.1 – – – – – – 0.0 0.5
(2 · 6 + 24)-ogival-04a,e 284.4 – – – – – – – – – – – – –
(2 · 6 + 24)-ogival-10 283.0 59.2 11.4/12.2 19.8/19.8 19.6/19.5 11.8/13.3 – – – – – – 0.0 0.1
(2 · 6 + 24)-ogival-08 289.5 66.7 11.5/12.2 19.8/19.8 19.6/19.9 13.4/12.6 – – – – – – 0.0 0.1
(2 · 6 + 24)-ogival-09c 284.3 0.0 9.3/ – – – – – – – – – – –
(2 · 6 + 12)-ogival-01 347.5 207.2 f 20.4/20.1 19.7/19.4 f – – – – – – f f
a Some yaw.
b Projectile slides along the plate.
c Projectile embedded in target.
d Projectile lost in rag box.
e No penetration.
f Measurements not available.
6708
S
.
D
ey
et
a
l.
/
In
tern
a
tio
n
a
l
J
o
u
rn
a
l
o
f
S
o
lid
s
a
n
d
S
tru
ctu
res
4
4
(
2
0
0
7
)
6
7
0
1
–
6
7
2
3
Table 3
Experimental ballistic limit velocities and Recht–Ipson constants
6 mm 12 mm 2 · 6 mm 2 · 6 mm + 24 mm air
a p vbl (m/s) a p vbl (m/s) a p vbl (m/s) a p vbl (m/s)
Blunt projectiles 0.92 2.88 140.8 0.70 2.55 168.0 0.74 2.70 247.3 0.62 2.87 234.6
Ogival projectiles 1.00 1.93 198.0 1.00 2.02 318.1 1.00 2.25 288.3 1.00 2.03 280.0
S. Dey et al. / International Journal of Solids and Structures 44 (2007) 6701–6723 6709projectiles. Thus, an increase in ballistic perforation resistance of 40% over blunt projectiles was found for
ogival projectiles. The corresponding increase in capacity was 90% for 12 mm thick targets (from 168 m/s
for blunt projectiles to 318 m/s for ogival projectiles). The reason for this seems to be that for blunt projectiles
the width of the load carrying localised shear zone decreases as the thickness and consequently the stiﬀness of
the target increase, at least up to a certain plate thickness (see also (Dey et al., 2004)). Further, earlier studies
on Weldox 460 E steel targets impacted by blunt projectiles (Børvik et al., 2003) showed that there is a mono-
tonic increase in ballistic limit velocity for increasing target thickness, but at a certain thickness a ‘‘kink’’ in the
ballistic response curve appeared. Due to the kink it was found that a doubling of the target thickness from 6
to 12 mm increased the ballistic capacity of the target by less than 30%. Fig. 3 indicates a similar behaviour for
Weldox 700 E. It is seen that the ballistic limit increases by no more than 20% when doubling the target thick-
ness (and weight) from 6 to 12 mm using blunt projectiles. For targets impacted by ogival projectiles the bal-
listic limit velocity is aﬀected much more. Here, the perforation resistance is found to increase by more than
60% when doubling the target thickness from 6 to 12 mm.
In Figs. 4 and 5 the test results for the two diﬀerent conﬁgurations of double-layered targets are compared
with the 12 mm monolithic target for blunt and ogival projectiles, respectively. As seen, the results diﬀer100 200 300 400 500
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Fig. 4. Residual versus initial velocities for three diﬀerent target conﬁgurations with total thickness of 12 mm impacted by blunt
projectiles.
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Fig. 3. Residual versus initial velocities for 6 mm and 12 mm thick monolithic target plates impacted by blunt and ogival projectiles.
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Fig. 5. Residual versus initial velocities for three diﬀerent target conﬁgurations with total thickness of 12 mm impacted by ogival
projectiles.
6710 S. Dey et al. / International Journal of Solids and Structures 44 (2007) 6701–6723signiﬁcantly with projectile nose shape. A double-layered target gives about 40–50% better capacity than a
monolithic target for blunt projectiles, while the trend is opposite for ogival projectiles. Here, the monolithic
target gives a better protection than the double-layered target, but the diﬀerence in perforation resistance is
only about 10–15%. However, work in progress by some of the authors have shown that the ballistic limit
velocity is exactly the same using monolithic or double-layered Weldox 700 E plates in contact when impacted
by 7.62 mm AP projectiles at ordnance velocity. For a double-layered plate impacted by the same bullet, but
now spaced with 30 mm of air, the ballistic perforation resistance drops by about 7% in accordance with the
observations reported here (Børvik et al., 2007). For both projectile types used in this study only small diﬀer-
ences are obtained in ballistic limit velocity between double-layered targets in contact or spaced with 24 mm of
air. Additionally, Fig. 5 shows one test result using a target conﬁguration with only 12 mm spacing impacted
by an ogival projectile. As seen, the measured residual velocity is not aﬀected by the distance between layered
plates. From these results it seems reasonable to assume that the spacing size in layered targets does not sig-
niﬁcantly inﬂuence the ballistic perforation resistance as long as it is moderate. However, if the spacing
becomes large, i.e. several plate thicknesses, the above conclusion may change due to projectile rotation or
plug ejection after perforation of the ﬁrst plate.
As seen in Fig. 4, the experimental data scatters somewhat for the double-layered targets spaced with air.
Therefore, some of the most incongruous data points were not used in the ﬁtting of the Recht–Ipson curve. It
should here be mentioned that in the present series two diﬀerent batches of blunt projectiles were used, and in
one of the batches some projectiles shattered during testing. The shattering may be a result of a slightly higher
brittleness in projectiles from this batch than normal, which was not discovered during measurements of the
hardness. However, the high-speed camera images (which will be discussed in the next paragraph) revealed
that the projectile stayed intact during most of the perforation process. Thus, the shattering of the projectile
did not seem to aﬀect the ballistic limit velocity, but the measured residual velocity of the projectile was clearly
inﬂuenced.
Figs. 6–9 show some high-speed camera images of the perforation process for targets struck by blunt pro-
jectiles. Fig. 6 shows the perforation of a 12 mm thick monolithic target, where failure is caused by plugging
due to intense shear localisation with only limited global target deformation (Dey et al., 2004). A similar
behaviour is seen in Fig. 7, where a 2 · 6 mm thick double-layered target in contact is perforated, but the glo-
bal deformation seems to be somewhat larger and two plugs, in addition to a ring of material, are ejected from
the target. Figs. 8 and 9 show high-speed camera images of the perforation process of a 2 · 6 mm thick double-
layered target spaced with 24 mm of air. Now the behaviour is clearly diﬀerent. When the projectile impacts
the ﬁrst plate (plate 1), shear localisation is initiated and plugging occurs. The ejected plug then impacts the
second plate (plate 2) before the projectile. When impacted by the following projectile the plug is squeezed and
deforms outwards, and this interfere with the shear localisation of the projectile in the second plate. After
some time, the projectile shears through the squeezed plug, sometimes making a ring of material clearly seen
ejected from the target in Fig. 7 (see also Fig. 11). In fact, due to this behaviour the projectile has to shear
Fig. 6. Perforation of a 12 mm thick monolithic target impacted by a blunt projectile. The impact velocity (vi = 171.2 m/s) is close to the
ballistic limit velocity (Dey et al., 2004).
Fig. 7. Perforation of a 2 · 6 mm thick double-layered target in contact impacted by a blunt projectile. The impact velocity (vi = 256.5
m/s) is close to the ballistic limit velocity.
Fig. 8. Perforation of a 2 · 6 + 24 mm thick double-layered target spaced with air impacted by a blunt projectile. The impact velocity
(vi = 249.1 m/s) is close to the ballistic limit velocity.
Fig. 9. Perforation of a 2 · 6 + 24 mm thick target impacted by a blunt projectile. The impact velocity is the same for both test series
(vi = 297 m/s), while the measured residual velocities are vr,#1 = 98 m/s and vr,#5 = 156 m/s, respectively.
S. Dey et al. / International Journal of Solids and Structures 44 (2007) 6701–6723 6711through three ‘‘targets’’ during perforation (i.e. plate 1, the squeezed plug from plate 1 and plate 2). It may be
speculated if the obtained 50% increase in ballistic limit velocity is due to the 50% increase in ‘‘target’’ thick-
ness caused by the plug. Consequently, as it is harder for the projectile to localise the deformation into shear
bands in plate 2 due to the plug from plate 1, more energy is consumed due to a change in deformation and
failure mode compared to a monolithic target. It is believed that the perforation process in the double-layered
target with plates in contact (see Fig. 7) is similar. Hence, the ballistic resistance is typically higher for a dou-
ble-layered target than for a monolithic target when impacted by blunt projectiles. Finally, Fig. 9 shows two
tests on spaced targets with identical impact conﬁgurations. Up to about 200 l s (i.e. close to complete perfo-
ration) the behaviour is exactly the same. Then the blunt projectile starts to shatter, but since the projectiles
shatter diﬀerently the measured residual velocity diﬀers signiﬁcantly. The pictures up to 200 l s clearly show
the repeatability of the perforation tests.
Fig. 10 shows pictures of the cross-section of sliced targets at impact velocities close to their respective bal-
listic limits, revealing the diﬀerences in global deformation between the diﬀerent target conﬁgurations.
Fig. 10. Cross-sections of diﬀerent target conﬁgurations perforated by blunt projectiles at impact velocities close to their respective
ballistic limits.
Fig. 11. Blunt projectiles and plugs from tests at impact velocities close to their respective ballistic limits (left) and some pictures from test
(2 · 6 + 24)-07 at an impact velocity of 351 m/s showing mushrooming of the projectile and deformation of the plugs, in addition to the
perfectly shaped ejected ring of material from plug 1 (right).
6712 S. Dey et al. / International Journal of Solids and Structures 44 (2007) 6701–6723Especially the diﬀerence in global deformation of the ﬁrst plate when the double-layered target is in contact or
spaced with air should be noticed. When the plates are spaced, there is no interaction between them during
perforation. In test (2 · 6 + 24)-blunt-11, the projectile impacts the ﬁrst plate with an initial velocity of
244 m/s (see Table 1). This is far above the ballistic limit of 141 m/s for a single 6 mm thick plate (Table
3). It is well-known in penetration dynamics that when the impact velocity is high compared to the ballistic
limit, the global target deformation will be negligible and the projectile velocity drop will be small. This
explains why the ﬁrst plate in the spaced target is almost undeformed after perforation. For the plates in con-
tact the situation is diﬀerent. Here, plugging of the ﬁrst plate is prevented by the second plate and the forced
interaction between them causes both plates to deform globally. Another interesting observation can be
obtained by comparing the results for the spaced target with the data for single 6 mm thick plates in Table
1. Note that the impact velocity between test (2 · 6 + 24)-blunt-11 and test (6)-blunt-01 is almost identical.
The residual velocity in test (6)-blunt-01 was measured to 204 m/s. This velocity may now be assumed as
the impact velocity of the second plate in the spaced target. Furthermore, the impact velocity in test (6)-
blunt-02 was 197 m/s, which is close to the assumed impact velocity of the second plate in the spaced target.
In this test, the residual velocity was found to be 155 m/s. However, the residual velocity in test (2 · 6 + 24)-
blunt-11 was as low as 70 m/s. The only reason for the large diﬀerence in residual velocity between the tests is
the presence of the plug from the ﬁrst plate in the spaced target. Thus, this comparison gives a quantitative
measure of the eﬀect caused by the plug from the ﬁrst plate in double-layered targets.
Photographs of projectiles and plugs from corresponding tests are shown in Fig. 11(left). Note the diﬀer-
ences in plug shapes and diameters from the second plate in the double-layered conﬁgurations, caused by dif-
ferent bulging and tensile modes on the rear side of the target. Finally, Fig. 11(right) gives some pictures of the
S. Dey et al. / International Journal of Solids and Structures 44 (2007) 6701–6723 6713mushroomed projectile and plugs from a test in a double-layered target spaced with air at a relatively high
impact velocity. Also the perfectly shaped ring of material from the ﬁrst plug is shown. The diameter of
the mushroomed nose was measured to 22 mm, i.e. a maximum increase in diameter of 10%. Average values
of the increase in diameter (DD) and the decrease in length (DL) of the projectiles, together with masses and
dimensions of the plugs, can be found in Table 1.
Measured permanent deformation proﬁles from tests with impact velocity close to their respective ballistic
limits are shown in Fig. 12. As already mentioned, the ballistic capacity using blunt projectiles is only
increased by 20% by doubling the target thickness from 6 to 12 mm. The maximum global deformation is
on the other side about 4 times larger for a 6 mm thick plate than for a 12 mm thick plate. The activation
of the global deformation mode for thin plates seems to be one major reason for the low increase in ballistic
capacity when doubling the target thickness. It is also seen that for the double-layered targets the second plate
(plate 2) deforms much more than the ﬁrst plate (plate 1), since it is much harder to localise the deformation in
plate 2 (causing global bending and stretching). The deformation in the second plate is almost the same for
both double-layered targets. However, the deformation in the ﬁrst plate in the double-layered target where
the plates are in contact is more than twice as large as the one with an air gap of 24 mm. This indicates that
in the former, the plates interfere with each other during perforation (as previously discussed). However, the
diﬀerence in ballistic perforation resistance is not large.
Targets impacted by ogival projectiles will not undergo shear localisation as seen for blunt projectiles since
they fail by ductile hole enlargement independent of target conﬁguration and projectile velocity. Thus, the
transition of failure mode seen for double-layered targets impacted by blunt projectiles does not take place
when the target is impacted by an ogival projectile (Teng et al., 2007). This is clearly seen from the high-speed
camera images of the perforation process in Figs. 13–15. Here the material is pushed aside by the moving pro-
jectile due to plastic ﬂow around the nose tip. Since neither shear nor tensile stresses can be transferred-500 -400 -300 -200 -100 0 100 200 300 400 500
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Fig. 12. Measured deformation proﬁles for targets impacted by blunt projectiles, where the impact velocity is close to the ballistic limit
velocity for each target.
Fig. 13. Perforation of a 12 mm thick monolithic target impacted by an ogival projectile. The impact velocity (vi = 321.1 m/s) is close to
the ballistic limit velocity (Dey et al., 2004).
Fig. 14. Perforation of a 2 · 6 mm thick double-layered target in contact impacted by an ogival projectile. The impact velocity
(vi = 299.3 m/s) is close to the ballistic limit velocity.
Fig. 15. Perforation of a 2 · 6 + 24 mm thick double-layered target spaced with air impacted by an ogival projectile. The impact velocity
(vi = 289.5 m/s) is close to the ballistic limit velocity.
6714 S. Dey et al. / International Journal of Solids and Structures 44 (2007) 6701–6723between the plates when they are layered, the shear resistance of layered targets is weakened. Hence, the bal-
listic perforation resistance is expected somewhat higher for a monolithic target than for a double-layered tar-
get when impacted by an ogival projectile. In this study, a 10% decrease in ballistic limit velocity was obtained
when the target was layered compared to a monolithic target. Similar experimental results have been obtained
by Radin and Goldsmith (1988) and Almohandes et al. (1996). Pictures of cross-sections of sliced target con-
ﬁgurations perforated by ogival projectiles are shown in Fig. 16. Some minor petals on the rear side are seen,
but these are believed too small to cause any eﬀects. In-situ measured global deformation proﬁles of the target
plates from tests close to their respective ballistic limits are given in Fig. 17. It is seen that due to its lower
stiﬀness, a monolithic 6 mm thick target has a maximum permanent deformation about 3 times larger than
the 12 mm monolithic plate. The same permanent global deformation as for the 6 mm target is also seen
for the two double-layered targets. Here, plate 1 and 2 have almost the same maximum permanent deforma-
tions and similar deformation proﬁles. More data from the experimental tests using ogival projectiles can be
found in Table 2.3. Numerical simulations
3.1. Numerical model
The impact tests were analysed using the explicit solver of the non-linear ﬁnite element code LS-DYNA
(Hallquist, 2003). The target was modelled using slightly modiﬁed versions of the well-known Johnson–Cook
constitutive relation and fracture criterion (Børvik et al., 2001a).The equivalent stress in the constitutive rela-
tion is expressed as (Johnson and Cook, 1983; Børvik et al., 2001a)req ¼ ðAþ BeneqÞð1þ _eeqÞCð1 T mÞ; ð2Þ
where A, B, n, C and m are material constants determined from material tests, the dimensionless strain rate is
given as _eeq ¼ _eeq=_e0 and the homologous temperature is given as T* = (T  Tr)/(Tm  Tr). Here, _e0 is a user-
Fig. 16. Cross-sections of diﬀerent target conﬁgurations perforated by ogival projectiles at impact velocities close to their respective
ballistic limits.
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Fig. 17. Measured deformation proﬁles for targets impacted by ogival projectiles, where the impact velocity is close to the ballistic limit
velocity for each target.
S. Dey et al. / International Journal of Solids and Structures 44 (2007) 6701–6723 6715deﬁned strain rate and the suﬃxes r and m indicate room and melting temperature, respectively. The fracture
strain is given as (Johnson and Cook, 1985; Børvik et al., 2001a)ef ¼ ðD1 þ D2 expðD3rÞÞð1þ _eeqÞD4ð1þ D5T Þ; ð3Þ
where D1, . . . ,D5 are material constants determined from material tests, and r* = rH/req is the stress triaxi-
ality ratio. Fracture occurs when damage of a material element equals unity, since no coupling between the
damage and the constitutive relation is considered in this study. The damage D is expressed as
Table
Mater
Elastic
E (GP
210
Tempe
m
6716 S. Dey et al. / International Journal of Solids and Structures 44 (2007) 6701–6723D ¼
XDeeq
ef
6 DC ¼ 1; ð4Þwhere Deeq is the increment of the accumulated (equivalent) plastic strain. When the damage in an element
reaches its critical value (DC = 1), the element fails by element erosion (i.e. the stresses in the integration point
are set to zero). This model has previously been found to give good results in ballistic penetration problems
(Børvik et al., 2002, 2003; Dey et al., 2004, 2006, 2007). As the constitutive models are used for adiabatic con-
ditions, the temperature increase due to adiabatic heating was calculated as (Lemaitre and Chaboche, 1990)DT ¼ T T r ¼
Z eeq
0
v
reqdeeq
qCp
; ð5Þwhere q is the material density, Cp is the speciﬁc heat, and v is the Taylor–Quinney coeﬃcient that gives the
proportion of plastic work converted into heat. Material constants determined from tensile tests (Dey et al.,
2004) for Weldox 700 E are given in Table 4.
In order to avoid numerical problems due to severely distorted elements, three types of erosion-based frac-
ture criteria were introduced in addition to the Johnson–Cook damage-based fracture criterion given by Eq.
(4). First, a critical value of the homologous temperature was implemented as a criterion for element erosion
(see Dey et al. (2004)). Here, the critical value for the homologous temperature was chosen to T c ¼ 0:9 in all
simulations, indicating a maximum temperature of 1649 K (1376 C) before the element is eroded. It is
believed that at this temperature, the material is so weakened that it does not add much perforation resistance.
The second erosion criterion is when the aspect ratio of the element reaches a critical value (which in this study
was chosen equal to 0.05), while the third erosion criterion is when the element area reaches a critical ratio
(chosen to 0.09). The temperature-based criterion was used in all simulations, while the second criterion
was used for double-layered targets struck by blunt projectiles. The third criterion was only used for dou-
ble-layered targets spaced with air and struck by blunt projectiles. Remember that for double-layered targets
impacted by blunt projectiles, the plug from the ﬁrst plate is squeezed between the projectile and the second
plate during impact (see Section 2.4). This gives some highly distorted elements at the plug periphery, which
can not be removed neither by the damage-based fracture criterion nor the temperature-based fracture crite-
rion. Thus, alternative erosion criteria were required to get rid of destroyed elements causing error termina-
tion. In the simulations, the Johnson–Cook fracture criterion eroded most of the damaged elements, while the
new erosion criteria mainly deleted destroyed elements. Nevertheless, these new erosion criteria may (at least
to some extent) have aﬀected the results, and need further studies. Due to the new erosion criteria, the com-
putational model was implemented as a user-deﬁned material model in LS-DYNA. However, Material Type
107 in LS-DYNA can be used if only the modiﬁed Johnson–Cook models are considered. It should also be
mentioned that an alternative failure model with a cut-oﬀ value for a negative stress triaxiality ratio of
r* = 1/3 was introduced in Teng et al. (2007). However, the overall results from simulations using the pres-
ent approach and the failure model proposed by Teng et al. are almost the same.
The projectile of hardened tool steel was modelled as an elastic–plastic von Mises material with bilinear
isotropic hardening without fracture using Material Type 3 in LS-DYNA. Material constants for the projectile
used in the simulations are given in Table 5.4
ial constants for the Weldox 700 E steel targets (Dey et al., 2004)
constants and density Yield stress and strain hardening Strain rate hardening
a) m q (kg/m3) A (MPa) B (MPa) n _e0ðs1Þ C Tr (K) Tm (K)
0.33 7850 859 329 0.579 5 · 104 0.0115 293 1800
rature softening and adiabatic heating Fracture strain constants
Cp (J/kg/K) v a (K
1) D1 D2 D3 D4 D5
Table 5
Material constants used for the hardened steel projectile (Børvik et al., 2001a)
E (GPa) m q (kg/m3) r0 (MPa) Et (MPa)
204 0.33 7850 1900 15000
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The geometry of the targets and projectiles was identical to that used in the experimental tests with one
exception. For double-layered targets consisting of two 6 mm thick plates impacted by blunt projectiles and
spaced with air, the spacing was taken as 12 mm instead of 24 mm in order to save computational time.
This deviation was found not to aﬀect the numerical results. The targets were modelled as axisymmetric
with a free-span diameter of 500 mm and fully clamped at the support, while the projectiles had a nominal
mass and diameter of 197 g and 20 mm, respectively. The mesh consisted of 4-node axisymmetric 2D ele-
ments with one integration point and stiﬀness-based hourglass control. Contact between the various parts
during perforation was modelled using an automatic 2D single surface penalty formulation without friction
(Hallquist, 2003).
For targets impacted by blunt projectiles the mesh was ﬁxed, and previous results reported by Dey et al.
(2004) on 12 mm thick monolithic Weldox 700 E targets are included for comparison with the double-layered
conﬁgurations. In order to reduce the computational time, which is aﬀected both by the element size and the
number of elements, the mesh was somewhat coarsened towards the boundary for both 12 mm monolithic tar-
gets as well as for the double-layered targets. For 12 mm monolithic targets this was done by having the same
number of elements through the target thickness, but letting the elements go from a quadratic shape at the
centre of the plate towards a highly rectangular shape at the boundary. For the double-layered targets the
mesh was coarsened towards the boundary using transition elements, and this is shown for a spaced target
in Fig. 18. The two diﬀerent coarsening techniques have been found to give similar results, but the computa-
tional time was considerably reduced using transition elements. It is also known from previous studies that due
to strain localisation in adiabatic shear bands this problem is highly mesh sensitive, but assumed not patho-
logical (Børvik et al., 2001b, 2003; Dey et al., 2004). In a previous study by Dey et al. (2004) it was shown that
for 12 mm thick Weldox 700 E targets struck by blunt projectiles, the width of the shear zone is in the order of
10 lm. Hence, the element size in the critical zone should be less than this in order to correctly describe the
physics in the problem. However, due to computational limitations, it was not feasible to run simulations with
such a tiny element size. A minimum element size of 100 · 100 lm2, giving a total of 120 elements over theFig. 18. Plot of initial FE-model of a blunt projectile impacting a double-layered target spaced with 12 mm air. The coarsening of the mesh
towards the boundary using transition elements is also shown for each plate.
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the hardened projectile, which had an initial element size of 1.0 · 1.0 mm2.
A coarser mesh was chosen for the analyses with ogival projectiles. Here, the targets fail by ductile hole
enlargement and the solution is consequently not that sensitive to the mesh size. The element size in each plate
was chosen equal to 300 · 300 lm2, giving 40 elements over the target thickness. Further, adaptive updating
was applied using the remeshing algorithm available in LS-DYNA. This was found necessary as ﬁxed meshes
give numerical problems when the projectile is pointed (Børvik et al., 2002). In the simulations, the constant
time interval between each adaptive re-zoning needed to be tuned in order to give stable results. Earlier studies
have shown that the number of adaptive reﬁnements should not be higher than about 100 to avoid numerical
aberrations (Børvik et al., 2002). Here, the number of adaptive updating was not more than 35 in each sim-
ulation. Also the ogival projectile had a much coarser mesh than the target, with an initial element size varying
from 1.0 · 3.0 mm2 in the shank to 1.0 · 0.1 mm2 towards the pointed nose.
In all simulations the projectile was given an initial velocity identical to the one used in the corresponding
experiment, and the residual velocity of the projectile was registered. From this, the ballistic limit was esti-
mated based on 6–9 runs using the Recht–Ipson model given in Eq. (1). All model constants (i.e. a, p and
vbl) in the Recht–Ipson model were ﬁtted to the numerical results using the method of least squares, and
the obtained values are given in Table 6. However, in a similar way as for the experimental tests, a was kept
equal to 1 for simulations with ogival projectiles.3.3. Numerical results
Numerical results of blunt and ogival projectiles are given in Fig. 19 and Fig. 20 (left), respectively. Alto-
gether a large number of computer runs were conducted, with CPU times varying from approximately 1–20 h.
The trends obtained experimentally are correctly captured in the numerical simulations. For blunt projectiles
the ballistic perforation resistance is found to be higher for a double-layered target than for a monolithic tar-
get, while the opposite is seen for ogival projectiles. It has also been studied numerically whether the size of the
air gap between the two plates has any inﬂuence on the ballistic limit velocity when the target is impacted byTable 6
Numerical ballistic limit velocities and Recht–Ipson constants
6 mm 12 mm 2 · 6 mm 2 · 6 mm + 24 mm air
a p vbl (m/s) a p vbl (m/s) a p vbl (m/s) a p vbl (m/s)
Blunt projectiles 0.87 5.44 177.5 0.75 2.98 213.6 0.73 2.77 262.6 0.72 3.28 250.0*
Ogival projectiles 1.00 1.20 208.7 1.00 2.23 318.3 1.00 2.16 286.4 1.00 2.03 300.0
* This data point is for 2 · 6 mm with 12 mm air space.
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Fig. 19. Numerically obtained residual versus initial velocities for the three diﬀerent 12 mm thick target conﬁgurations impacted by blunt
projectiles.
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Fig. 20. Numerically obtained residual versus initial velocities for the three diﬀerent 12 mm thick conﬁgurations impacted by ogival nosed
projectiles.
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not important as long as the plates do not interact with each other (see Fig. 5). Numerically the air gap
was varied from 12 mm to 72 mm. As seen in Fig. 20 (right), the size of the air gap does not inﬂuence the bal-
listic limit velocity or the residual velocity of the projectile. This is as expected (as long as pitch, yaw and tum-
bling are prevented) and in agreement with the experimental observation.
A quantitative comparison between the experimentally and the numerically obtained ballistic limit veloci-
ties for the diﬀerent target conﬁgurations is shown in Fig. 21. It is seen that the ballistic limit of the double-
layered target in contact is reasonably well predicted for blunt projectiles, while larger deviations are seen for
the 6 and 12 mm thick monolithic targets. Also the numerical prediction for the double-layered target with
12 mm air gap seems reasonable, as the experimental results indicate that there is not much diﬀerence in bal-
listic limit velocity between the double-layered target in contact and the double-layered target with 24 mm air
gap. Thus, it seems that the ballistic limit is about the same for these target conﬁgurations. As also obtained
experimentally, the eﬀect on the ballistic perforation resistance is actually less by going from a 6 mm to a
12 mm thick monolithic target than by going from a 12 mm monolithic target to a 12 mm double-layered tar-
get. However, in the former the weight of the target is doubled, while in the latter the weight is exactly the
same. This is well captured in the numerical simulations. The reason for this behaviour is caused by the change
in localisation and failure modes as discussed in Section 2.4.
The change in localisation and failure modes is also the reason why it is more diﬃcult to predict the ballistic
limit velocity for monolithic targets than for double-layered targets. Due to the strong shear localisation in
monolithic targets, the solution is aﬀected by the mesh density. As already mentioned, for a 12 mm monolithic0
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Fig. 21. Comparison between experimental and numerical results for blunt projectiles (left) and ogival projectiles (right).
6720 S. Dey et al. / International Journal of Solids and Structures 44 (2007) 6701–6723target the width of the shear zone after a test was found to be less than 10 lm, while numerically the element
size in the impact area was chosen in the order of 100 lm. It may therefore be diﬃcult to capture the correct
physical behaviour using coarse meshes if the shear localisation is severe. Fig. 22 shows the perforation process
for the three diﬀerent 12 mm thick target conﬁgurations at impact velocities close to their respective ballistic
limit velocities. The targets are plotted as fringes of eﬀective plastic strain in the user-deﬁned range from
eeq = 0 (light grey) to eeq = 1 (black). The plots clearly resemble the experimental behaviour described in
Section 2.4. For the double-layered targets, the projectile causes shear localisation and plugging in plate 1.
The plug from plate 1 prevents the intense shear localisation in plate 2. Thus, global deformation and mem-
brane stretching takes place in the second plate, dissipating considerable amounts of the projectile’s kinetic
energy. This deformation mode is from a numerical point of view easier to handle than shear strain localisa-
tion. As seen, the global deformation is much larger for plate 2 than for plate 1 in double-layered targets, and
also considerably larger severe than for the 12 mm thick monolithic target. This is in accordance with the
experimental results (see Figs. 10 and 12). Finally note that for plates in contact, the ﬁrst plate is more
deformed globally than for spaced plates. This is caused by the interaction between the two plates in contact.
For the second plate the deformation is similar in both conﬁgurations.
Fig. 21 also compares numerical predictions of the ballistic limit velocities using ogival projectiles to cor-
responding experimental results. Here, failure occurs by ductile hole enlargement without plugging (which is a
failure mode easier to capture numerically), and the numerical predictions are close to the experimental
results. Fig. 23 shows plots of the perforation process for the three diﬀerent target conﬁgurations. The targets
are again plotted with fringes of eﬀective plastic strain, where the plastic strains in the black area are equal to
or higher than unity. Note that the minor petals observed in the experimental tests (see Fig. 16) can not be
predicted using 2D axisymmetric elements. It is seen that the plastic strain accumulates around the projectile
nose as expected for this failure mode. It is further seen from Fig. 23 that the 12 mm thick monolithic target
has less global deformation than the two double-layered targets. Both plates in the double-layered targets
seem to have similar deformations independent of spacing, as also indicated in Fig. 17. Note that due toFig. 22. Plots of the perforation process for a 12 mm monolithic target, 2 · 6 mm double-layered target in contact and 2 · 6 + 12 mm
double-layered target spaced with air impacted by a blunt projectile. The impact velocities (vi = 217 m/s, 265 m/s, 260 m/s) are close to
their respective ballistic limit velocity. The targets are plotted as fringes of eﬀective plastic strain in the user-deﬁned range from eeq = 0
(light grey) to eeq = 1 (black).
Fig. 23. Plots of the perforation process for a 12 mm monolithic target, 2 · 6 mm double-layered target in contact and 2 · 6 + 24 mm
target spaced with air impacted by an ogival projectile. The impact velocities (vi = 321 m/s, 290 m/s, 304 m/s) are close to their respective
ballistic limit velocity. The targets are plotted as fringes of eﬀective plastic strain in the user-deﬁned range from eeq = 0 (light grey) to
eeq = 1 (black).
S. Dey et al. / International Journal of Solids and Structures 44 (2007) 6701–6723 6721the adaptive remeshing, the rear side of the plates in some simulations became nearly piecewise straight. This is
caused by the smoothing of the surfaces in the algorithm used by LS-DYNA to generate a new mesh every
time remeshing is performed. However, this is not believed to have any eﬀect on the obtained numerical
results.
It is seen that good agreements are in general obtained between the numerical and experiment results, and
both the physical behaviour and failure modes during the perforation process are well captured independent of
projectile nose shape. Also the global target deformation seems to be precisely predicted in the analyses. Thus,
it may be concluded that numerical simulations using the ﬁnite element method is able to capture the main
trends during perforation of both monolithic and double-layered steel plates, at least within the limitations
of this study.
4. Concluding remarks
Based on a large number of full-scale impact tests and corresponding numerical simulations using the expli-
cit solver in LS-DYNA, the ballistic perforation resistance of monolithic and double-layered Weldox 700 E
steel plates impacted by blunt and ogival projectiles has been investigated. Within the limitations of the pre-
sented study, the following main conclusions can be drawn:
• The increase in ballistic limit velocity using monolithic targets and blunt projectiles is only about 20% when
increasing the target thickness from 6 to 12 mm.
• By double-layering the target by two 6 mm thick plates, an increase in ballistic limit velocity of nearly 50%
is obtained using plates in contact compared to a monolithic target of equal thickness when impacted by
blunt projectiles. Similar, for plates spaced with 24 mm of air an increase in ballistic limit velocity of
40% is obtained. This is caused by the change in deformation and failure mode when moving from a mono-
lithic to a layered target.
6722 S. Dey et al. / International Journal of Solids and Structures 44 (2007) 6701–6723• The increase in ballistic limit velocity for monolithic targets and ogival projectiles is about 60% when
increasing the target thickness from 6 to 12 mm.
• By double-layering the target by two 6 mm thick plates, a decrease in ballistic limit velocity of about 10% is
obtained both for plates in contact and plates spaced with 24 mm of air compared to a monolithic target of
equal steel thickness when impacted by ogival projectiles.
• The overall protection level, i.e. the minimum ballistic limit independent of projectile nose shape, seems to
increase signiﬁcantly by layering the target.
• Good agreement is in general obtained between the numerical simulations and experiment results. Thus,
ﬁnite element simulations using proper material models are able to capture the main physical behaviour
during perforation of both monolithic and double-layered steel plates.
All results and conclusions in this study are based on a limited number of ballistic tests in the sub-ordnance
velocity regime using generic projectiles at normal impact. However, from a design perspective the projectile
always impacts the target with some obliquity and yaw. Under such conditions it is important that the plates
stay in contact so that the plug from the ﬁrst plate prevents shear localisation of the projectile in the second
plate. This may not be the case if the plates are spaced due to rotation and expulsion of the ejected plug.
Therefore, under the given impact conditions it seems safe to state that double-layered plates in contact is
a better conﬁguration than monolithic or spaced targets for ballistic protection, giving a distinct increase in
the overall perforation resistance of a target. This conclusion can be drawn since both the experimental
and numerical studies indicate that the minimum ballistic limit velocity, i.e. the ballistic limit to the target
when impacted by blunt projectiles, increases signiﬁcantly by double-layering the target.Acknowledgement
The ﬁnancial support of this work from the Norwegian University of Science and Technology, CRI-SIM-
Lab and the Norwegian Defence Estates Agency is gratefully acknowledged.References
Almohandes, A.A., Abdel-Kader, M.S., Eleiche, A.M., 1996. Experimental investigation of the ballistic resistance of steel–ﬁberglass
reinforced polyester laminated plates. Composites Part B: Engineering 27 (5), 447–458.
Ben-Dor, G., Dubinsky, A., Elperin, T., 1998a. On the ballistic resistance of multi-layered targets with air gaps. International Journal of
Solids and Structures 35 (23), 3097–3103.
Ben-Dor, G., Dubinsky, A., Elperin, T., 1998b. Eﬀect of air gaps on ballistic resistance of targets for conical impactors. Theoretical and
Applied Fracture Mechanics 30, 243–249.
Ben-Dor, G., Dubinsky, A., Elperin, T., 2006. Eﬀect of air gaps on the ballistic resistance of ductile shields perforated by non-conical
impactors. Journal of Mechanics of Materials and Structures 1 (2), 279–299.
Børvik, T., Dey, S., Clausen, A.H., 2007. Perforation resistance of ﬁve diﬀerent high-strength steel plates subjected to small-arms
projectiles, Submitted for publication.
Børvik, T., Hopperstad, O.S., Berstad, T., Langseth, M., 2001a. A computational model of viscoplasticity and ductile damage for impact
and penetration. European Journal of Mechanics, A/Solids 20 (5), 685–712.
Børvik, T., Hopperstad, O.S., Berstad, T., Langseth, M., 2001b. Numerical simulation of plugging failure in ballistic penetration.
International Journal of Solids and Structures 38 (34–35), 6241–6264.
Børvik, T., Hopperstad, O.S., Berstad, T., Langseth, M., 2002. Perforation of 12 mm thick steel plates by 20 mm diameter projectiles
with ﬂat, hemispherical and conical noses – Part II: Numerical simulations. International Journal of Impact Engineering 27 (1),
37–64.
Børvik, T., Hopperstad, O.S., Langseth, M., Malo, K.A., 2003. Eﬀect of target thickness in blunt projectile penetration of Weldox 460 E
steel plates. International Journal of Impact Engineering 28 (4), 413–464.
Corran, R.S.J., Shadbolt, P.J., Ruiz, C., 1983. Impact loading of plates – an experimental investigation. International Journal of Impact
Engineering 1 (1), 3–22.
Dey, S., Børvik, T., Hopperstad, O.S., Langseth, M., 2006. On the inﬂuence of fracture criterion in projectile impact of steel plates.
Computational Materials Science 38 (1), 176–191.
Dey, S., Børvik, T., Hopperstad, O.S., Langseth, M., 2007. On the inﬂuence of constitutive relation in projectile impact of steel plates.
International Journal of Impact Engineering 34 (3), 464–486.
Dey, S., Børvik, T., Hopperstad, O.S., Leinum, J.R., Langseth, M., 2004. The eﬀect of target strength on the perforation of steel plates
using three diﬀerent projectile nose shapes. International Journal of Impact Engineering 30 (8–9), 1005–1038.
S. Dey et al. / International Journal of Solids and Structures 44 (2007) 6701–6723 6723Elek, P., Jaramaz, S., Mickovic, D., 2005. Modeling of perforation of plates and multi-layered metallic targets. International Journal of
Solids and Structures 42 (3–4), 1209–1224.
Gupta, N.K., Iqbal, M.A., Sekhon, G.S., 2007. Eﬀect of projectile nose shape, impact velocity and target thickness on the deformation
behaviour of layered plates, International Journal of Impact Engineering, in press, doi:10.1016/j.ijimpeng.2006.11.004.
Hallquist, J.O., 2003. Keyword User’s Manual, Version 970. Livermore Software Technology Corporation, California.
Johnson, G.R., Cook, W.H., 1983. A constitutive model and data for metals subjected to large strains, high strain rates and high
temperatures. In: Proceedings of the 7th International Symposium on Ballistics. Hague.
Johnson, G.R., Cook, W.H., 1985. Fracture characteristics of three metals subjected to various strains, strain rates, temperatures and
pressures. Engineering Fracture Mechanics 21 (1), 31–48.
Lemaitre, J., Chaboche, J.-L., 1990. Mechanics of Solid Materials. Cambridge University Press, Cambridge.
Liang, C.-C., Yang, M.-F., Wu, P.-W., Teng, T.-L., 2005. Resistant performance of perforation of multi-layered targets using an
estimation procedure with marine application. Ocean Engineering 32 (3–4), 441–468.
Radin, J., Goldsmith, W., 1988. Normal projectile penetration and perforation of layered targets. International Journal of Impact
Engineering 7 (2), 229–259.
Recht, R.F., Ipson, T.W., 1963. Ballistic perforation dynamics. Journal of Applied Mechanics, 384–390.
Teng, X., Dey, S., Børvik, T., Wierzbicki, T., 2007. Protection performance of double-layered metal shields against projectile impact.
Journal of Mechanics of Materials and Structures, in press.
Woodward, R.L., Cimpoeru, S.J., 1998. A study of the perforation of aluminium laminate targets. International Journal of Impact
Engineering 21 (3), 117–131.
Zukas, J.A., Scheﬄer, D.R., 2001. Impact eﬀects in multi-layered plates. International Journal of Solids and Structures 38 (19), 3321–3328.
